Heavy ion ratio abundances in Solar Energetic Particle (SEP) events, e.g. Fe/O, often exhibit decreases over time. Using particle instruments on the ACE, SOHO and STEREO spacecraft, we analysed heavy ion data from 4 SEP events taking place between December 2006 and December 2014. We constructed 36 different ionic pairs and studied their time evolution in each event. We quantified the temporal behaviour of abundant SEP ratios by fitting the data to derive a decay time constant B. We also considered the ratio of ionic mass-to-charge for each pair, the S value given e.g. for Fe/O by S Fe/O = (M/Q) Fe (M/Q) O . We found that the temporal behaviour of SEP ratios is ordered by the value of S: ratios with S > 1 showed decreases over time (i.e. B < 0) and those with S < 1 showed increases (B > 0). We plotted B as a function of S and observed a clear monotonic dependence: ratios with a large S decayed at a higher rate. A prominent discontinuity at S = 2.0 (corresponding to He/H) was found in 3 of the 4 events, suggesting anomalous behaviour of protons. The X/H ratios often show an initial increase followed by a decrease, and decay at a slower rate. We discuss possible causes of the observed B versus S trends within current understanding of SEP propagation.
Introduction
Solar energetic particles (SEPs) are ions and electrons released into the interplanetary medium due to solar eruptive activity. They are accelerated by solar flares and coronal mass ejections (CMEs) and can be observed as particle intensity increases by instruments onboard spacecraft. SEPs (mainly H, He, electrons) can be detected at locations widely separated from the parent eruptive event in longitude and latitude (e.g. Gómez-Herrero et al. 2015; Dalla et al. 2003) . In large, so called gradual SEP events, mean ionic abundances are similar to the solar wind ones but event-toevent variation of ratios such as Fe/O can vary by significantly more than typical solar wind ratios. Type II radio bursts from the associated CMEdriven shock are observed in addition to type III radio bursts generated by particles released from solar flares. The wide longitudinal extent of SEP events is usually ascribed to acceleration at extended regions, such as shocks, because according to the accepted paradigm for SEP propagation, SEPs travel along magnetic field lines without significant transport perpendicular to the average interplanetary magnetic field (Reames 1999) . SEP events with high Fe/O abundance and rich in 3 He are called impulsive events. These events are of short duration and commonly associated only with type III radio bursts. According to the standard paradigm, impulsive SEPs should be detectable only in narrow regions of < 20
• in longitude, i.e. locations with good magnetic connection to the flare.
Since the launch of the STEREO spacecraft, there have been many reports of simultaneous observations by multiple spacecraft that showed that proton and electron SEP events can indeed be detected at locations widely separated in longitude (e.g. Dresing et al. 2012; Lario et al. 2013; Dresing et al. 2014; Richardson et al. 2014; Gómez-Herrero et al. 2015) . In a study of 3 He rich events detected by multiple spacecraft, Wiedenbeck et al. (2013) reported an impulsive event that was observed by three spacecraft, two of which were separated by 136
• , but as part of a statistical study of 17 impulsive events they showed that simultaneous SEP detections at two spacecraft at longitudinal separation > 60
• were not uncommon. An SEP event rich in Fe was reported by Cohen et al. (2014) , where two spacecraft separated by 135
• in longitude detected enhanced average Fe/O values, which showed a dependence on longitude. In separate studies, Gómez-Herrero et al. (2015) and Zelina et al. (2015) used data from 3 spacecraft and found that Fe and O SEPs from a single parent active region can reach locations widely separated in longitude and be detected over almost 360
• .
SEP ratios, such as Fe/O, often decrease over the duration of an SEP event. Using 3-hour averaged data, Scholer et al. (1978) observed Fe/O ratios decreasing in time while the C/O ratios were time independent. Tylka et al. (1999) reported observations of the temporal evolution of several heavy ion ratios during the 1998 April 20 SEP event that were ordered by their M/Q values, where M is atomic mass of an SEP ion and Q its charge. Mason et al. (2012) studied the temporal evolution of Fe/O, O/He, and He/H ratios in 17 SEP events, where in majority of events the ratios exhibited temporal variation. Tylka et al. (2013) used Ulysses and near-Earth spacecraft data to show that Fe SEPs can reach high heliographic latitudes. They also observed the characteristic Fe/O decrease over time at the two spacecraft, both of which had poor magnetic connection to the parent flare. In all the considered events analysed by Zelina et al. (2015) the Fe/O ratio decreased over time, a behaviour therefore identified as a common feature of SEP events.
Several researchers have proposed interpretations of the observed time dependence of elemental ratios, either as an effect of acceleration or of transport. It was suggested that the high Fe/O ratio early in the SEP event is a result of an initial flare component (rich in Fe) while the decrease that follows is associated with a shock-accelerated component (with lower Fe/O) later in the event (Cane et al. 2003) . Tylka et al. (1999) explained it as due to the ions with high M/Q (i.e. Fe) escaping the accelerating shock region more easily. Others proposed that the observed time dependence is a propagation effect due to the rigidity dependence of the mean free path (Scholer et al. 1978; Mason et al. 2012) , or more generally transport effects (Tylka et al. 2013) .
The observed temporal variation of SEP ratios may be related to M/Q-dependent crossfield transport of SEPs, where SEPs with different M/Q follow different trajectories. Gradient and curvature drifts in the Parker spiral magnetic field depend on M/Q and kinetic energy . Full-orbit simulations of heavy ions show that drifts are an important mechanism of perpendicular transport that can distribute SEPs across the interplanetary magnetic field . The charge state affects how much a particle can drift across the mean magnetic field, since particles with higher M/Q exhibit more drift. Simulations by Dalla et al. (2015 Dalla et al. ( , 2016 show that an SEP model including drifts can qualitatively reproduce the decrease in time of the Fe/O ratio.
In this work, we studied the temporal behaviour of SEP abundance ratios for 4 SEP events in a quantitative manner. We systematically analysed the decay in time of a number of elemental ratios, including Fe/O and less commonly used ratios such as Fe/C, Fe/Mg, and Fe/Si. We quantified the temporal evolution of SEP ratios by fitting the time profiles to an exponential function and deriving a decay time constant, and studied any correlations of this parameter with ionic M/Q values of the 2 species in the ratio. Section 2 presents SEP data for the selected events, followed by a Discussion (Section 3) and Conclusions (Section 4). 
Observations
For the study of heavy ion particles, we used SEP data measured in situ by the following particle instruments: Solar Isotope Spectrometer (SIS; Stone et al. 1998) Details of the SEP events are given in Table 2 . For each SEP event we used the spacecraft with best magnetic connection to the flare. In all events other spacecraft did not measure sufficient parti- cle intensities of heavy ion SEPs to quantitatively analyse the observed temporal variation of heavy ion ratios, or intensity time profiles did not show monotonic rise and decay phase. In Table 2 the duration of an SEP event indicates the number of days when there were sufficient Fe particles to yield good statistics. We used the local solar wind speed value at the beginning of an SEP event at the spacecraft to calculate the nominal Parker spiral footpoint of the spacecraft on the solar surface φ sc . The angular separation in longitude between the flare and the spacecraft is calculated as ∆φ = φ f lare − φ sc , where φ f lare is the longitude of the flare. A positive ∆φ means that the flare is western with respect to the observer footpoint. In a similar manner, latitudinal separation between the flare and the observer was calculated as ∆θ = θ f lare − θ sc . A positive ∆θ means the flare is north of the spacecraft. For each event, time intensity profiles for all abundant elements, which include H, He, C, N, O, Ne, Mg, Si and Fe, were analysed and ionic ratios constructed. For ratios observed by STEREO/LET, we used the lowest energy channel common for all elements that is 4.0−4.5 MeV/nuc. ACE/SIS energy channels do not cover exactly the same energy range as STEREO/LET for any of the heavy ions. Therefore, we used the closest available channels to the STEREO/LET energy channel. Note that the heavy ion energy bins in ACE/SIS data change depending on the analysed element due to the SIS instrument response function for the analysed nuclei (see Stone et al. 1998 , Figure 19 for reference). For example, the lowest energy bin for He is 3.4 − 4.7 MeV/nuc while the lowest Fe energy bin is 10.7 − 15.8 MeV/nuc. The energy channels for a pair of two elements were chosen to be the closest to each other, e.g. in order to obtain the Fe/O ratio, Fe intensity at 10.7 − 15.8 MeV/nuc was divided by O intensity measured at 10.0−13.1MeV/nuc. We used proton measurements from SOHO/ERNE to complement the heavy ion data by ACE/SIS. For all the intensities, uncertainties were calculated as σ = √ N , where N is the particle count within the accumulation time.
For each pair of SEP elements X 1 and X 2 we define a parameter S given by
where M i is atomic mass number and Q i is the ionic charge state in elementary charge units, for species X i . SEPs in the interplanetary medium are partially ionised. Measurement of the charge state Q is challenging and is not routinely carried out for all SEP events (Klecker et al. 2006) . For this reason, for the purpose of calculating the S-values, we use charge state measurements by Luhn et al. (1985) , shown in Table 3 , which provide an estimate of ionic charge states at ≈ 0.5 − 3.3 MeV/nuc in a similar energy range to the one considered in our study. The charge state measurements given in Luhn et al. (1985) , obtained by averaging over a number of SEP events, are subject to systematic errors of 5%. It should be noted that Q can vary event to event and in some SEP events it increases with energy (Klecker et al. 2006; Mewaldt et al. 2006) .
For the event of 2006 December 13, one of the events in our analysis, we estimate from the SAM-PEX data, using the same method described by Oetliker et al. (1997) , that the iron charge state was Q Fe = 16.2 +1.7 −1.5 at 25 − 90 MeV/nuc. Therefore we can say that for this event, the value of Q at the lower energies that we consider in our study, as given in Table 3 , is not inconsistent with the measured value at higher energies.
To our best knowledge there were no operational instruments measuring ionic charges in the other 3 events. Charge states are known to vary event to event and the charge state of iron in particular can take a broad range of values Q Fe ≈ 10 − 20 (Labrador et al. 2005) . Other ionic charge states vary too but to a lesser extent.
We use the atomic mass number of the dominant isotope as a mass estimate for an SEP species. The difference between this value and the isotopic SEP compositions, e.g. given by Anders & Grevesse (1989) , is estimated to be ≤ 2%, but it is substantially less than the uncertainty in SEP charge state. Using the mass and charge state values in Table 3 , we consider all combinations of ionic ratios and calculate their S-value. The corresponding values are shown in Table 4 .
2012 August 31 event
A filament eruption occurred in the southeastern region of the solar disk as viewed from Earth on 2012 August 31 (day of year; DOY 244) and launched a coronal mass ejection (CME) with linear speed 1442 km/s
1 . An associated C8 X-ray flare at S16E42 started at 19:45 UT and peaked at 20:43 UT (Gallagher et al. 2002) . A shock passed the STEREO B spacecraft on September 3 (DOY 247) at 07:11 UT 2 . As viewed from Earth the flare and the CME were not particularly strong or fast but they caused a significant particle event at STEREO B with magnetic connection ∆φ = −5
• . The event (labeled in the following as event #1) could in many respects be considered an exemplary proton SEP event. Electron, proton, oxygen and iron particle intensity-time profiles and Fe/O ratio are shown in Figure 1 . Both the electron and proton intensity profiles, Figure 1 , panels a) and b), show a rapid increase followed by a gradual decrease with smooth profile and no significant shock-associated particle intensity component was observed over 10 days. Figures 1 c) and d) show oxygen and iron intensities, and the Fe/O ratio, respectively. The intensity of oxygen peaks later than that of iron and the oxygen SEP event lasts longer. The Fe/O ratio is decreasing from values typical of impulsive events to values more than 1 order of magnitude below the average gradual event abundance of 0.134 (Reames 1995) . This event would be classified as Fe-poor with average Fe/O value over the event A avg (Fe/O) = 0.064. The Fe/O decrease occurred over ∆t Fe/O = 1.25 days. After Fe/O reaches its minimum, it increases for the next ∼ 1 day. Considering the intensity profiles of Fe and O, it is apparent that the increase is a result of the low Fe counts at the limit of the instrument's sensitivity.
For the same event, Figure 2 shows a subset of SEP ratios versus time ordered by increasing S values. The graphs show a 4-day period, during which the temporal evolution of heavy ion ratios takes place. From a qualitative point of view, the time variation of the ratio displays a correlation with S: a ratio shows decrease (increase) in time when S > 1 (S < 1). The ratio profiles also show that the slope of temporal variation scales with S, where e.g. Mg/O shown in Figure 2 a) , a ratio with S ≈ 1, remains almost unchanged over ) and i). The decay rate of Fe/H is higher than that of O/H, which is higher than He/H, therefore increasing with increasing S of an SEP ratio. The decay period is shorter for Fe/H than it is for O/H and He/H respectively, due to relative abundances of the elements in the SEP event. The initial increase is observed in all X/H ratios.
Quantitative analysis
We carried out a quantitative analysis of the temporal variation of heavy ion ratios in the SEP events as follows. We indicate as A the heavy ion ratio, calculated as the ratio of two particle inten-
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Intensity ratio Table 4 ) for event #1. SEP ion intensities were measured by STB/LET at 4.0-4.5 MeV/nuc. Ratio data points (blue) in time interval between the maximum and the minimum were fitted to Equation 2 (plotted in brown), where B is the ratio decay time constant. Ratios with larger S show more temporal evolution, i.e. lower B. Ratios X/H increase before they start decreasing. All intervals on the vertical axes are scaled equally to 3 orders of magnitude.
sity values I, e.g. A Fe/O = I Fe I O . As an example, Figure 3 shows the Fe/O ratio in event #1 at 4.0−4.5MeV/nuc over a 4-day period. Ratio data points used in further analysis are those that have more than 2 particle counts in a 1-hour time bin for both ion species. An input to the analysis is the time range ∆t from the start of the flare over which data should be fitted. We marked the first occurring maximum or minimum data point within ∆t as A 1 , and the last occurring as A 2 . When the Fe/O ratio decreases over time, the maximum precedes the minimum and A 2 /A 1 < 1, but other heavy ion ratios may show an increase over time, i.e. A 2 /A 1 > 1. All the data points between the maximum and the minimum were fitted using the function
where B is the ratio decay time constant in units of day −1 , and α is a unitless fitting constant. For the example of Figure 3 the decay time constant, obtained using Equation 2, is B Fe/O = (−0.92 ± 0.06) day −1 . In a similar manner, the values of B were obtained for all abundant ratios considered in Table 4 .
In Figure 4 we plot the decay time constant B as a function of S for all SEP ratios in event #1. The plot shows a quantitative description of the qualitative behaviour seen in Figure 2 . Between S = 1 and S = 2 a monotonic decrease of B with S is observed corresponding to faster decay rates as S increases. There is a discontinuity present at S = 2.0, the S value for He/H, followed by another monotonic decrease. As can be seen from Table 4 , the ratios with S ≥ 2 are ratios of a heavy ion and hydrogen, X/H.
The location of the data points along the horizontal axis is influenced by the values of the charge states Q that are used to calculate S. We analysed how S values change when different values of Q Fe , the Q value that can vary by the largest amount, are considered. The S value for Fe/O in our plot is S = 1.64. This value changes to S = 2.04 when Q Fe = 12 and S = 1.36 when Q Fe = 18. If the Fe charge changed, ionic charges for all the other ions would change too, therefore it is not easy to quantify the effect on the B vs S plot unless charge states for the event for all ions were available.
2006 December 13 event
Next we considered the event on 2006 December 13 (DOY 347, event #2), which shows similar heavy ion profiles as event #1. Event #2 was caused by an X3.4 flare at S05W23, which . The SEP event occurred while the particle intensity was elevated from a preceding event, see Figure 5 b), but the proton intensity increase due to event #2 was several orders of magnitude. The pre-event background for heavy ions was less significant than for protons because heavy ion events decay faster. We use the heavy ion data from ACE because the STEREO spacecraft were still performing manoeuvres near the Earth (von Rosenvinge et al. 2009 ). At the time of the flare, the magnetic connection of ACE was ∆φ = −17
• . The Fe/O ratio, Figure 5 d), decreases for ∆t Fe/O = 1.25 days. Fe/O decays to a value of about 2 × 10 −1 , higher than the value reached in event #1. This event is Fe-rich with average Fe/O value A avg (Fe/O) = 0.540. Figure 6 shows a subset of heavy ion ratios as in Figure 2 . The ratios show similar temporal evolution as was observed in event #1, except for the initial increases observed in most heavy ion ratio time profiles, which may be the result of the elevated background from the preceding event.
We applied the quantitative analysis to the SEP ratios as in event #1 and plotted the function B vs S as shown in Figure 7 . The dependence shows a monotonic behaviour but in this case the discontinuity at S = 2.0 is not present. Instead, the X/H ratios decay at faster rate than other heavy ion ratios. This behaviour is observed because the proton intensity at these energies only changes ≈ 1 order of magnitude over the 2-day period (cf. proton intensity at 13.8-14.6 MeV in Figure 5 b) ). 
2014 September 1 event
Event #3 originated from an active region behind the eastern limb of the Sun as viewed from Earth on 2014 September 1 (DOY 244) at 11:00 UT. We determined the location of the flare at N14E129 using FITS data from the STEREO B EUVI instrument. Pesce-Rollins et al. (2015) estimated the flare class as X2.1 located at N14E126. The associated CME had speed 1901 km/s. STEREO B, which was the best magnetically connected spacecraft (∆φ = −25
• ), encountered a passing shock on September 3 (DOY 246) at 07:45 UT 3 . The particle intensity profiles are shown in Figure 8 . A sudden increase in the oxygen particle intensity of ≈ 1 order of magnitude (Figure 8 c) , blue) was observed ∼ 13 hours after the flare started, which is not present in the iron particle intensity (red). This increase in oxygen occurred more than a day before the shock passed the spacecraft. The Fe/O ratio dropped rapidly due to the increase in oxygen intensity and reached its minimum ∆t = 1.25 days after the maximum. The event-averaged Fe/O value is A avg (Fe/O) = 0.089. Figure 9 shows a subset of heavy ion ratios. Many heavy ion ratios, including Fe/Si, Fe/Mg, Fe/C and Si/O, show a rapid drop in ratio value followed by a plateau, a similar to the Fe/O time. Apart from the sudden drop, the ratios in event #3 show qualitatively similar behaviour to events #1 and #2 in the ordering of the decreases (increases) by S.
We applied the quantitative analysis to the SEP ratios as in event #1 and B Fe/Mg = (−0.89 ± 0.09) day −1 but the corresponding fitting interval for Fe/Si (∆t Fe/Si = 2.63 day) is more than twice as long as it is for Fe/Mg (∆t Fe/Mg = 1.17 day). Such difference can be seen in O/H and Fe/H ratios in Figure 9 panels h) and i). We plotted B vs S, shown in Figure 10 , and the data point at S = 1.48 corresponding to Fe/Si deviates from the otherwise monotonic dependence in S ∈ [0.9, 2.0). Nevertheless, the obtained dependence qualitatively resembles the B vs S dependence in event #1, Figure 4. 
2014 February 25 event
SEP event #4, which occurred on 2014 February 25 (DOY 56), was caused by an X4.9 flare that erupted at S12E77 and it was accompanied by an exceptionally fast CME with speed 2147 km/s. STEREO B was the best magnetically connected spacecraft with the magnetic footpoint separated from the flare by ∆φ = 32
• . Figure 11 shows intensity profiles for the event at STEREO B. Fe and O intensities were also detected by ACE and STEREO A but these spacecraft were not magnetically well connected . As can be seen in Figure 11 panel d) , the SEP event at STEREO B shows the Fe/O ratio decreased for ∆t = 2.75 days but a significant decrease occurred during the first ∼ 12 hours followed by Fe/O remaining relatively unchanged for the rest of the event. This event is Fe-rich with average Fe/O value A avg (Fe/O) = 0.212. Heavy ion ratios of event #4 are shown in Figure 12 . Similarly to the Fe/O ratio, other heavy ion ratios too show little variation over time after ≈ 1 day.
The quantitative analysis was applied to the SEP data in event #4 in two ways: first the fitting procedure was applied to the entire event (i.e. over a time range ∆t = 4 days), second it was applied only to the first 12 hours after the start of the flare. The first 12 hours are when a fast decrease (increase) occurs in some ratios. The graphs of B vs S dependence for the two ∆t values are shown in Figure 13 . The B vs S graph for ∆t = 4 days, Figure 13 a), shows the decay time constants are smaller because the initial decrease in Fe/X ratios is averaged over a longer period, over which the ratios remain relatively unchanged. A discontinuity can hardly be observed due to small B values of the ratios. As can be seen in Figure 12 b), when the fit is carried out over 12 hours, the obtained B values are larger in magnitude than in the previous events. In the latter plot, a discontinuity at S = 2.0 is observed, as in Figure 4 .
Discussion
We have studied solar energetic particle (SEP) intensities and elemental ratios in 4 SEP events, where Fe/O has been observed to decrease over time, in the ≈ 4 − 15 MeV/nuc energy range. We used 1-hour averaged SEP data from energetic particle telescopes onboard ACE, SOHO, STEREO B, and systematically quantified the temporal dependence of abundant SEP ratios. Each of the SEP events was observed by a wellconnected spacecraft with a magnetic footpoint within 32
• of the flare.
We observed that time evolution of heavy ion ratios is a common feature present in all four analysed SEP events, with largest variation in Fe/X ratios, where X indicates an abundant SEP element. We found that some abundance ratios, e.g. Mg/O, remained relatively unchanged during an SEP event and some ratios, e.g. Ne/O, even showed an increase over time. This behaviour is ordered by the S value of an SEP ratio, defined as the ratio of M/Q values of the two SEP species in the ratio. Ratios with S < 1 (S > 1) exhibit an increase (decrease) over time. We also observed that the slope of a ratio tends to be steeper for ratios with larger S value. Therefore, the temporal evolution of SEP heavy ion ratios shows ordering by M/Q.
We quantitatively examined the ratios listed in Table 4 for the 4 SEP events, and for each event we plotted the values of decay time constant B as a function of S. Each of the obtained plots, Figures 4, 7 , 10 and 13, shows a monotonic dependence of B vs S in the range S ∈ [0.9, 2.0). The B vs S dependence in 3 out of 4 events, (including Figure 13 b) ), shows a discontinuity at S = 2.0 which corresponds to He/H. In event #2, Figure 7 , the discontinuity at S = 2.0 is not present, probably because the proton intensity, shown in Fig-ure 5 b) , only varies by ∼ 1 order of magnitude during the analysed period and does not decay significantly. As a result, the X/H ratios in event #2 decay at much faster rate than in the other events. Event #3 showed B vs S dependence qualitatively similar to event #1. The discontinuity was not observed in event #4, Figure 13 a) , where ∆t = 4 days was much longer that the period of significant temporal variation, i.e. the first ∼ 12 hours after the start of the flare. The B values obtained by fitting in the two time intervals ∆t = 4 days and 12 hours in event #4 showed ordering by M/Q.
When plotted in logarithmic-linear plot, intensity ratio time data often exhibit time profiles similar to a linear function between their maximum and minimum values. Every SEP ratio had a minimum and a maximum identified independently. The method of finding the maximum and the minimum of a ratio time profile affected the value of the fitted decay constant B, where ratios fitted over a longer time interval showed less average temporal variation, in particular Fe/Si ratio in event #3 and most of the ratios in event #4. This is clearly a limitation of the used method, nevertheless, it allowed us to characterise and quantify the observed temporal evolution in SEP ratio time profiles.
Some events have more complex structure than the monotonic intensity decrease shown for example by event #1. More complicated intensity profiles, from which the ratio profiles are derived, can be caused by interplanetary structures affecting the propagation of ions, multiple events or shocks. This makes the choice of the fit interval ∆t more challenging and different ionic ratios might require different ∆t values in a single event (see e.g. event #3).
The temporal evolution of heavy ion ratios has previously been interpreted as a signature of a rigidity-dependent acceleration (Tylka et al. 1999 ). In this model, the decrease in the Fe/O ratio would be caused by Fe ions with large M/Q spending less time at the shock during acceleration and being released earlier than O ions.
However, Mason et al. (2006) presented data on Fe and O intensity profiles at two energy ranges, where they showed that the decrease of Fe/O over time is likely a result of SEP propagation through the interplanetary medium, in common with other authors (e.g. Scholer et al. 1978; Mason et al. 2012; Tylka et al. 2013) . In 1D propagation, the scattering mean free path λ is assumed to depend on M/Q of an SEP ion, e.g. λ Fe > λ O . The stronger scattering causes a slower propagation of an ion with lower M/Q values to the observer, which can result in temporal dependence of a ratio profile such as ratios observed in this study.
In a recent study, Dalla et al. (2016) carried out 3D full-orbit test particle simulations of SEP propagation in a unipolar Parker spiral magnetic field. Fe and O ions injected near the Sun were allowed to propagate in 3D with a rigidity independent scattering mean free path λ = 1 AU. Their crossings of the 1 AU sphere were counted as a function of time for observers at various locations with respect to the source. The particles experience strong curvature and gradient drifts ) which cause transport in a direction perpendicular to the magnetic field, with drift velocities proportional to M/Q. For particles at equal energy/nucleon, the ion with larger M/Q propagates across the magnetic field more easily and is able to reach the detector at earlier time. The calculated Fe/O time profiles from the simulations are qualitatively similar to the observations in events #1-3. Therefore drift as an SEP transport mechanism in 3D could explain the observed temporal variation of heavy ion ratios. In this model, the simulation with the value of mean free path λ = 0.1 AU produced similar results as in the case with λ = 1 AU. Comparing the results corresponding to the two values of λ, the variation of the mean free path had little effect on the final Fe/O ratio time profiles.
Several ionic ratios in our figures show an increase towards the end of the SEP event, e.g. Fe/O in Figure 1 and Fe/Si, Fe/C and Fe/H in Figure 2. This kind of behaviour can also be seen in Figure 5 in Tylka et al. (2013) , Figure 2 in Zelina et al. (2015) and Figure 3 in Reames (1990) . Such an effect could be in some cases a result of low count statistics, however, for some events it does appear to be a real effect, e.g. events #1 and #4 (Figures 1 and 11, panels d) .
Simulations by Dalla et al. (2016) show a similar behaviour in the Fe/O time profiles. In that model the increase late in the event results from O decaying at a faster rate than Fe since O occupied a narrower longitudinal extent than Fe, due to a smaller drift. The increases could be caused by passing magnetic structures, e.g. shocks and interplanetary coronal mass ejections (ICMEs), within which the particle populations, magnetic field vectors and transport conditions may be different from the surrounding environment. In event #2, after passing of the shock on 2006 December 14 at 14:14 UT (Figure 5 c), the O intensity suddenly starts decreasing at a faster rate than Fe, and the Fe/O value increases as the result. The Fe intensity profile in event #3 (Figure 8 c) has a smooth intensity profile but O intensity in the same event has a more complicated intensity profile with sharp rises and decreases. As a result, the Fe/O ratio (Figure 8 d) also has a complicated time profile with increases and decreases.
In an analysis of time profiles of heavy ion ratios, Mason et al. (2012) noted that the He/H ratio showed a decrease only in some of the 17 SEP events while it did not decrease in others. They concluded that the temporal behaviour of protons was different from heavy ion elements. In our analysis, we found that the time profiles of X/H ratios were anomalous compared to other ratios, often showing an increase of the ratio values before the decrease. The decreases in time occurred at lower rate compared with other heavy ion ratios, which resulted in a discontinuity observed in B versus S plots.
Anomalous time profiles of X/H ratios can emerge in a number of scenarios. The ratios could be signatures of differences in SEP acceleration or interplanetary transport between protons and heavier ions. On the other hand, they could be a result of the much higher abundance of protons in the SEP population. At present, the origin of the anomalous nature of X/H time profiles and their slower decay over time remains unknown, and any theory should be able to explain temporal evolution of heavy ion as well as X/H ratios.
The B vs S profiles depend on our assumption of used charge state values. Obtaining values of SEP charge states is challenging and this type of measurement is not routinely carried out for all SEP events. In our analysis, we used charge state values averaged over a number of events by Luhn et al. (1985) that have been used previously in similar studies. While these measurements should be representative of typical ionic charge state values, charge states of an SEP ion are known to have different values in separate particle events (e.g. Q Fe ≈ 10−20) and can depend on the kinetic energy (Klecker et al. 2006) . If event-specific values of Q were used, S-values in Table 4 would be modified and this would result in a shift of the data points horizontally in the B vs S plots (Figures 4,  7, 10 and 13 ).
Conclusions
In this study, we used SEP data from ACE/SIS, SOHO/ERNE and STEREO/LET and STEREO/HET to quantitatively characterise the temporal evolution of SEP ratios. Our main results are as follows:
1. The temporal evolution of heavy ion ratios is ordered by the ratio of mass-to-charge values of the two SEP ions, S.
2. Between S = 0.9 and S = 2.0, considering 28 different ionic ratios, we find a clear monotonic behaviour with S, with slopes of B versus S typically given by -0.5 day −1 for event #2, to -1.5 day −1 for event #3.
3. Ratios of heavy ion to hydrogen, X/H, where X is an abundant SEP element, corresponding to S ≥ 2.0, often show an increase before the decrease in their time profiles and decay at slower rates. This anomaly is present in the B versus S plots as a discontinuity where the B values jump to a significantly higher value than would be predicted by a monotonic B vs S dependence.
Our analysis and previously reported observations of heavy ion SEP data suggest that the temporal variation of heavy ion ratios is a common feature of SEP events. This phenomenon has been observed at various instances in the ecliptic (e.g. Tylka et al. 1999; Mason et al. 2012; Zelina et al. 2015) and at high heliographic latitudes (Tylka et al. 2013) .
In recent years, a consensus has emerged that the time evolution of Fe/O and other ionic ratios is an interplanetary transport effect Tylka et al. 2013) . At the present time both 1D rigidity dependent scattering (λ ∝ (M/Q) α , e.g. Mason et al. 2012 ) and 3D drift associated transport (drift velocity ∝ M/Q, Dalla et al. 2016) are possible mechanisms that may explain our observations.
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Day in 2006
Intensity ratio Table 4 ) for event #3. As in Figure 2 , the SEP ion intensities were measured by STB/LET at 4.0-4.5 MeV/nuc. The SEP ratio data (blue) are overplotted with the fitted function (brown). Table 4 ) for event #4. As in Figure 2 , the SEP ion intensities were measured by STB/LET at 4.0-4.5 MeV/nuc. The SEP ratio data (blue) are overplotted with the fitted function (brown). Much of the temporal variation is observed during the first day of the event.
